Dietary restriction (DR) is the most successful and widespread means of extending organismal lifespan. However, the evolutionary basis of life extension under DR remains 8 uncertain. The traditional evolutionary explanation is that when organisms experience DR, they allocate endogenous resources to survival and postpone reproduction until conditions improve. 10 However, this life-extension strategy should be maladaptive if DR continues for multiple generations due to tradeoffs between longevity and reproduction. To test this prediction, we 12 subjected the budding yeast Saccharomyces cerevisiae to 1,800 generations of evolution on restricted (i.e., DR) vs. non-restricted diets. Adaptation to a non-restricted diet improved 14 reproductive fitness by 57% on that diet, but provided a much smaller (14%) advantage on a restricted diet. In contrast, adaptation to DR resulted in an approximately 35% increase in 16 reproductive fitness on both restricted and non-restricted diets. Importantly, the life-extending effect of DR did not decrease following long-term evolution on the restricted diet. Thus, contrary 18 to theoretical expectations, we found no evidence that the life-extending DR response became maladaptive during multigenerational DR. Our results suggest the DR response may have a low 20 cost and that this phenomenon may have evolved for reasons that extend beyond the benefits of postponing reproduction.
INTRODUCTION
Dietary restriction (DR) occurs when an organism experiences a reduction in energy 24 consumption without any vitamin or mineral deficiencies [1] . It is the most consistent intervention known to extend lifespan, effective in taxa ranging from single-celled organisms to and the longevity-extending DR response should become maladaptive [10, 17] . Therefore, 46 multigenerational DR should favor individuals that cease to respond to DR with extended lifespan at the cost of allocation to reproduction. 48 In this study, we tested predictions about longevity and reproductive fitness in response to multigenerational DR by conducting long-term experimental evolution trials with the budding 50 yeast, Saccharomyces cerevisiae. Budding yeast is a model organism in the study of aging, due to its easily measured lifespan and the fact that many mechanisms and genetic pathways involved 52 in yeast aging are shared across eukaryotic taxa [5, 7, 8, 18] . Although originally developed to describe aging in animals, the disposable soma theory applies readily to single-celled organisms 54 such as S. cerevisiae that exhibit mother-offspring reproductive asymmetry (e.g., by budding) [19] [20] [21] . Allocation between longevity and reproduction, and adaptive responses to DR, are 56 highly relevant in yeast life histories, because feast-and-famine cycles are typical for microorganisms in nature, including S. cerevisiae [22, 23] . To test the postponed reproduction 58 hypothesis, we selected for reproductive fitness for 1,800 generations. We measured life expectancy of evolved populations to assay for the expected diminishment of the DR response 60 due to its predicted cost. We also measured evolved reproductive fitness to further investigate the effect of DR on adaptation.
62

METHODS
64
Evolution experiment
We used haploid (mating type MATa) Saccharomyces cerevisiae of strain background 66 W303, which is commonly used in aging research [24] [25] [26] . The experimental evolution was conducted using YPD-based non-restricted (NR: 10 g/L yeast extract, 20 g/L peptone, 20 g/L D-glucose) and restricted (DR: 5 g/L D-glucose) diets supplemented with 0.1 g/L adenine and 0.1 g/L tryptophan to address auxotrophies of the W303 strain. The 75% reduction in glucose 70 concentration (20 g/L to 5 g/L) has been established to induce DR in S. cerevisiae [2, 26] . We propagated five independent replicate lineages per treatment in 10 mL of medium by 1% v/v 72 daily serial transfer for 275 days (>1,800 generations) in a shaking incubator (200 RPM) at 30 °C. Because there is little or no aging-associated mortality until the third day [18, 26] , this regime 74 selects for reproductive fitness and does not select for longevity.
76
Measurement of longevity
We measured longevity using a chronological lifespan (CLS) assay. This assay involves 78 plating aliquots of post-stationary phase yeast cultures to measure survivorship over time. We grew yeast cultures in SDC medium (20 g/L or 5 g/L D-glucose, 6.7 g/L yeast nitrogen base, 
, where l 0 , l 1 , … l ω , are the proportions of 92 individuals surviving to timepoints 0, 1, …, t final [27] . We chose this metric because it is effective for comparing expected longevity between populations with the same life history and magnitude 94 of lifespan [28] . 96 
Measurement of reproductive fitness
We measured reproductive fitness by competing each evolved population against a 98 common third-party strain in a competitive growth assay that integrated reproductive fitness over a 24-hr period [29] . We used strain YDL185W from the green fluorescent protein (GFP) clone 100 collection (Invitrogen), which expresses Vma1p-GFP fusion protein [30] , as the third-party yeast strain. We used the 488 nm laser of a Novocyte flow cytometer (ACEA Biosciences) to 102 differentiate between GFP-expressing and non-GFP cells, and monitored changes in abundance of the two cell types over 24 hr. Relative reproductive fitness (W) versus the third-party was 104 calculated as
where N 0 represents initial abundance of the focal strain, N 24 is the abundance of the focal strain NR-evolved: one-sample t 4 = -2.30, P = 0.083). Finally, and again contrary to predictions, there was no significant difference in life expectancy between DR-evolved and NR-evolved lines 136 (two-way ANOVA F 1,16 = 0.699, P = 0.415).
138
Reproduction
Evolved lines exhibited higher reproductive fitness on their "home" evolutionary diets 140 than on their "away" evolutionary diets (two-way ANOVA F 1,16 = 13.74, P = 0.002) (figure 2).
However, pairwise comparisons revealed that the magnitude of this effect was not equal on 142 either home diets or away diets. Specifically, lines evolved on NR exhibited a 19% higher reproductive fitness on their home diet than did DR-evolved lines on their home diet (P adj = 144 0.007). When assayed on the away diet, reproductive fitness was 24% higher for the DR-evolved lines assayed on NR diet than for NR-evolved lines assayed on DR (P adj = 0.003). The 146 reproductive fitness of the DR lines was the same whether they were assayed on the home or away diet (P adj = 0.488), while the reproductive fitness of the NR-evolved lines was 27% lower 148 on their away diet (P adj = 2.80×10 -5 ).
150
DISCUSSION
Our results from a long-term evolution experiment with budding yeast do not support the 152 postponed reproduction hypothesis for the evolution of the life-extending response to DR.
Specifically, the DR response was not diminished in yeast populations that evolved under long-154 term DR and there was no difference in life expectancy between the DR-evolved and NRevolved populations regardless of assay condition (figure 1). Together, these findings suggest the for multiple generations. Instead, the evolutionary retention of the DR response suggests it may 158 be adaptive irrespective of a payoff from postponed reproduction.
We also found that home-diet reproductive fitness of the NR-evolved populations was One potential explanation for our findings is that evolution on DR confers other advantages. For example, the results suggest that maintaining populations on a restricted diet led to the evolution of better generalists. Specifically, DR-evolved lines had higher reproductive 182 fitness on the away diet than did NR-evolved lines on the away diet. Moreover, reproductive fitness of DR-evolved lines was not significantly lower on the away diet than the home diet 
